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Abstract

moderate TBI.

Mild to moderate traumatic brain injury (TBI) often results in diffuse axonal injury and post-traumatic amnesia,
with short- and long-term cognitive and neurological impairment. Whilst there are a variety of neuroimaging-based
computerized techniques by which to investigate longitudinal brain changes after brain insult, there are some which
can be appreciated by the naked eye from traditional T1-weighted structural magnetic resonance (MR) imaging
without the need for further image manipulation or analysis. In this article we review such regions with a focus on
the hippocampus and fornix based on longitudinal structural MR images from patients who have sustained a mild to
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Overview

TBI results from an external force applied to the cranium which
may cause brain movement within this vault, often in a linear and/or
rotational acceleration/deceleration manner with coup and contre-
coup injury. A common outcome of this rapid motion is damage to
white matter pathways, gray matter, dura and blood vessels; disruption
to the connections between and within hemispheres as well as cell
death; hemorrhage becomes more common as the severity of the TBI
increases. In this case, hemorrhage is seen on computer automated
tomography (CAT) scans. A lower Glascow Coma Scale (GCS) score
indicates greater impairment of consciousness, typically associated with
a greater severity of brain injury. However, in many cases, whilst post-
traumatic amnesia (PTA) often lasts for days, it does not always appear
correlated with traditional CAT or magnetic resonance imaging (MRI)
scans [1]. PTA does not appear to relate to the degree of diffuse axonal
injury (DAI), the current most reliable marker of outcome, although
very mild TBI is difficult to detect from traditional neuroimaging. For
example, CAT and MRI scans can show nothing unusual in terms of
shape or size of regions yet the patient may still exhibit post-concussion
symptoms and reduced performance over time. Some studies have
reported PTA to significantly relate to the fractional anisotropy (FA)
of white matter pathways (e.g. reference [2]), with overall clinical
and research findings suggesting that diffuse tensor imaging (DTI)
measures may be more useful than high-resolution anatomical images
in assessment of group differences [3,4]. FA is an index of white matter
integrity as measured by a novel MRI technique referred to as DTI [5];
the principle underlying DTT is the hypothesis that water movement
between white matter fibres is faster parallel to the fibres rather than
perpendicular to them. However, there are some brain regions, as
seen from traditional T1-weighted MR imaging of mild to moderate
TBI patients that are clearly abnormal in shape and/or size. The most
common such regions include the hippocampus (HC), inferior horns
of the lateral ventricles (IHLVs), fornix, and corpus callosum (CGC; e.g.
[6-9], although it is the first three of these regions that will form the
focus of this review.

Our hypothesis is that the combination of twisting and contre-
coupe movements contributes to the nature of medial temporal lobe

damage. Abnormalities in HC shape or size are most clearly seen from
coronal and sagittal perspectives. Of course, the higher the spatial
resolution the easier it is to truly appreciate these instances.

The Hippocampus and Sulcal Cavities

Hippocampal sulcal cavities (HSCs; sometimes referred to as HC
Virchow Robin spaces; [10]) are small holes at the lateral aspect of the
HC sulcus, representing dilatations of perivascular spaces between the
cornu ammonis and dentate gyrus related to blood vessels traversing
the HC sulcus [11]. Specifically, they are located next to the CA1 region
which is the most vulnerable section of the HC, given its shape (that is,
located along a sharp bend) and is particularly vulnerable to metabolic
stress [12]. Anecdotally, HSCs are more prevalent in TBI patients
cross-sectionally than in age-matched controls; HSCs are not the same
as dilation of the Virchow Robin or perivascular space around cortical
penetrator vessels which are more numerous in older patients and TBI
patients [13]. Our review [14] found HSCs, ranging from 1mm to more
than 2cm in length, to have an incidence across the adult life span of
approximately 50%; this is in close agreement with other studies of
HSCs. The vestigial HC sulcus is also prominent more often in scans
of TBI patients of any severity, even in the acute period, suggesting
that it is not a function of age-related atrophy. Longitudinally, these
HSCs become larger as does the vestigial HC sulcus (Figure 1).
Hence, although HSCs have never been investigated in the context of
longitudinal outcome, the degree of cognitive recovery in TBI patients
is typically transient, particularly memory (which the medial temporal
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Figure 1: Hippocampal sulcal cavity (purple arrow) and vestigial hippocampal
sulcus (yellow arrows and red lines) enlargement in a patient with moderate
TBI at Time 1 (left) and Time 2 (right). Note that the lateral ventricles and
inferior horn of the lateral ventricles (IHLVs, colored in blue) also become
larger. The MRI scanner used was a General Electric Signa-Echospeed 1.5
Tesla (GE Healthcare, Milwaukee WI), using an eight channel head coil. The
image presented was from the high-resolution 1 mm isotropic T1 weighted,
three-dimensional IR prepped radio-frequency spoiled-gradient recalled-echo
(3D IRSPGR) sequence (TI/TR/TE=12/300/5,Tl, FA=20, slice thickness=1mm
no gap, matrix=256 x 256) with images acquired in the axial plane utilizing a
25cm field of view. This pulse sequence acquires high-resolution structural
data, which is the case of T1-weighted, implies a slice thickness and in-plane
dimensions of no more than 1mm, which we have found necessary to view
HSCs. Although acquired in the axial plane, the isotropic acquisition allows the
data to also be viewed from other planes, such as sagittal and coronal. In our
experience, the optimal plane for viewing HSCs is coronal. We have also found
that HSCs are best viewed in native (raw) space as normalization may squash
HSCs rendering them to no longer be visible. We urge caution when filtering as
it usually blurs HSC boundaries.

lobe intimately relates to), although mild TBI is associated with subtle
cognitive deficits within the first few weeks of injury that typically
resolve spontaneously within 3 to 6 months [15,16]. HSCs are more
common in TBI patients and enlarge over time at a rate greater than in
the normal population, and therefore are likely to be markers of poor
long-term outcome.

It is also interesting to note that the prevalence of HSCs has been
related to general atrophy in both healthy and clinical populations
[14,17], hence it not surprising that this relationship is evident in
Figure 1.

When a subject’s scans are aligned so that HCs from the different
time points can be superimposed, there is often a reduction of lateral
and medial HC volume; this is most clearly seen from coronal view.
When viewed as rendered 3-dimensional structures, the differences
in these regions are more obvious (see below). These regions do not
recover in volume.

IHLYV, Fornix and Incomplete Hippocampal Rebound

Reduction of lateral volume in the HC head and/or body is clearly
indicated when the THLV has enlarged or appears large compared to
experience with age-matched scans. Furthermore, this enlargement
is commonly asymmetrical and representative of greater damage in
that hemisphere compared to the other. This can be best viewed from
coronal images, as demonstrated in Figure 2.

The HC sometimes appears to have been ‘pushed’ anteriorly,
relative to age-matched scans. For example, the head of the HC
in normal/healthy/control subjects always begins on, or within
millimeters posteriorly to the most anterior (first) appearance of the
IHLV (as seen from coronal). However, with some TBI scans the
HC head begins anterior to the IHLV (Figure 3), which is essentially
beneath the amygdala (AG) which traditionally is posited anterior-
ventral, then anterior-dorsal, and then dorsal to the HC head like an

angled disc. This suggests it is likely that the HC was pushed forward
during the TBI incident.

Considering the position of the temporal lobe, and in particular the
HC, itisvulnerable to thebruntofaclosed-head impact, as demonstrated
in animal TBI models (e.g. reference [18]). In a comprehensive study
of structural and functional outcome after experimental TBI, Immonen
et al. [19] demonstrated that the multiparametric quantitative MRI
(T2, T1p, trace of the diffusion tensor Dav, the extent of hyperintense
lesion and intracerebral hemorrhage) acquired during acute and sub-
acute phases 3 h, 3 days, 9 days and 23 days post-injury has potential
to predict the functional and histopathological outcome 6 to 12
months later - specifically, the acute Dav changes in the ipsilateral HC
correlated with the chronic spatial learning and memory impairment
evaluated using the Morris water maze (p < 0.05). Similarly, T1p, T2
and Dav correlated with HCl atrophy and with histologically quantified
neurodegeneration (p<0.01). Not surprisingly, cognitive deficits have
been reported to significantly relate to compromised HC connectivity
in human studies (e.g. reference [20]) and reduced HC NAA with MR
spectroscopy imaging (e.g. reference [21]) and specifically to HC head
damage (e.g. reference [22]). When the impact occurs, the weight of the
brain shifts itself forward as it collides with the inside of the cranium;
the medial temporal lobe (which the HC and AG are constituents of)
is usually only a few millimeters from the temporal bone, so when the
impact occurs the anterior pole of the medial temporal lobe (which
contains the AG) is momentarily compressed with the weight and
inertia of the brain (including the HC) behind and on top of it (hence,
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Figure 2: Reduction of lateral volume in the HC head and/or body in this TBI
patient is clearly indicated when the IHLV (yellow asterix) has enlarged or
appears large. Left=acute, Middle=6 months post-TBI, Right=12 months post-
TBI. Although this represents an extreme case of atrophy for the illustration of
IHLV enlargement, this was necessary to illustrate the relationship between
IHLV enlargement after TBI, and time.

Figure 3: HC head can begin anterior to the IHLV. The red arrows indicate
the alveus (which separates the HC from the amygdala (AG)). Top images are
7mm posterior to the anterior commissure, bottom images are 8mm posterior
to the anterior commissure.
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the AG is stopped by hitting a wall whilst the HC continues traveling
forward into the AG; the pole (including the AG) then slowly expands
posteriorly with the AG expanding with it towards its original (pre-
incident) position and size). The HC would also shift posteriorly but
due to its head still being stuck in the AG, much of the HC will not
return to its original position. Whilst never previously published, we
describe this as “incomplete hippocampal rebound”, as illustrated by
the order of events in Figure 4.

The posterior portion (commonly referred to as the tail) is often the
area of greatest HC reduction. This is not surprising given it runs along
the fornix (discussed below) which commonly sustains damage after
TBI. Itis also in-line with prevalence of depression symptoms post-TBI
given that the HC tail has also been implicated in major depression (e.g.
reference [23]), and the fornix extends to integrate into the prefrontal
cortex, a circuit which is also implicated in models of major depression
[24].

When viewing scans longitudinally, the fornix sometimes appears
to have shifted anteriorly. This usually occurs when the HC head has
been ‘pushed’ forward. Hence, it is possible that the HC was pushed
forward during the incident, and then over time the HC body and tail
have ‘stretched’ back to a length similar to their pre-incident length,
hence the fornix appears to have shifted over time but in fact because
the fornix is continuous with the alveus (the layer of white matter
‘covering’ the HC, and the border between the HC head and overlying
AG). The position of the fornix adds reinforcement to the position of
the HG; in this context the fornix may be conceptualized as holding
up and stabilizing the HC from above it. Although this ‘rebound’
may appear to occur, the HC head does not always seem to move
posteriorly as much as the rest of its divisions. An analogy may be that
during the TBI incident the HC gets its head stuck in the AG but can’t
pull itself out when the rest of it is shifting back towards its original
position pre-incident; when it does, it gets stretched. With this ‘delayed
stretching’, the HC becomes thinner, which is in-line with observations
of thinner HCs as represented by enlarged IHLV's and reduced lateral
and medial gray matter described above. The rope supporting it at the
back (the fornix) may be too severely damaged to pull the HC back
into its original position, and during the process, the fornix becomes

Figure 4: Temporal order of events in incomplete HC “rebound” after traumatic
brain injury. Compared to a control HC (A from lateral and B from superior,
top and left), the HC in acute period after a TBI is projected anteriorly and
squashed (middle). Over the next 12 to 24 months, the HC stretches back
towards its original length but never fully rebounds as it becomes thinner
as represented by less medial and lateral volume (A bottom, B far right).
Red=head, blue=body, green=tail. Note that the division between the tail and
body, which represents the fornix, appears to shift forward and then backwards
over time. Note this is a simulated series of images; that is, they have been
artificially stretched in order to more clearly illustrate the HC rebound principle.

stretched, as demonstrated by white matter hyperintensities on T2-
weighted imaging (e.g. reference [25]) or reduced FA (e.g. references
[26,27]). Furthermore, this damage has been related to reduced
cognitive performance. For example, Chang and colleagues [28]
reported memory impairment in patients with DAI to closely related
to neuronal injury of the fornix body among the three fornix regions
that were assessed. Consistent with this, reduced fornix integrity (as
assessed by DTI) in TBI patients has been reported to significantly
correlate with reduced HC volume [29]. Our current research aims to
investigate the relationship between HSC prevalence, HSC size, and
cognition.

Sensitivity, Specificity and Reliability of Detecting
Abnormalities

We have found that nearly every scan of a TBI patient has HSCs,
although we have not conducted a formal study into the sensitivity,
specificity, and reliability of detecting the reviewed abnormalities.
Variations in source of injury are expected to affect the HC and
fornix, among other structures, to different degrees. We do not have
documented evidence that describes the extent of source of injury,
hence we cannot comment as to how these variations in the rapid
translation and/or rotation of the brain differentially impact upon
different structures, although this is a focus of our current research.

Whilst there are a multitude of original reports and comprehensive
reviews of morphological change of the HC in common disorders such
as Alzheimer’s disease, epilepsy, and schizophrenia [30], there are
none which have reviewed this aspect of the HC in TBI populations. A
recent review [31] found that 10 studies had collected brain MRI data
in TBI patients from more than one time point and computed gross
volumetric indexes (e.g. whole brain parenchymal volume, ventricle-
to-brain ratio), with only two of those studies having also measured HC
volume [29,32] although only Ng et al. [32] presented the HC volumes
(which showed reduction over time) whilst Warner and colleagues [29]
only showed the HC volumes’ correlations with neuropsychological
performance. No analyses of HC shape were conducted.

Although HSCs are quite common in the normal population
as well as clinical populations, we have observed that they are more
prevalent in those who have sustained a TBI. We have not quantified
the accuracy one may expect to visually detect an HSC as ‘abnormal’
for any diagnostic value (vs. group-level research findings), and
quantifying the size of HSCs as well as their rate of atrophy would be
of greater diagnostic value. We anticipate that these specific questions,
that is, statistical quantification and visual quantification, will be
answered by our current retrospective investigation which we have
only recently begun. However, we still adhere to our main take-home
message, which is that HSCs can be readily detected on T1-weighted
scans with minimal image processing. Note that the 3-D renderings
can be carried out with minimal training in freeware software packages
after only a few clicks of the mouse.7. Conclusions

The HC is commonly implicated in impaired functioning in people
who have sustained a traumatic brain injury. As archicortex, it is one of
the oldest parts of the brain and, as such, has widespread connections
with most other regions of the brain. Given the dependence of memory
formation and recall upon the HG, it plays a central role in early and
late outcome. Whilst sophisticated analysis techniques are available to
comprehensively elucidate specific damage and relate it to specific skill
deficits, a compromised HC can usually be recognized from traditional
1.5T MRI without the need for reliance upon further complexity. Very
recent advances in MRI sequences, such as susceptibility weighting
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imaging, can reveal further information related to neuropathology
which other techniques do not detect, but such methods are not yet
widely available and still under development. During a process of
incomplete rebound, we hypothesize that the HC shifts forwards and
then backwards towards its premorbid position but thinner and less
functional. The fornix is stretched and commonly damaged during
a TBI, as can be seen with the naked eye from regular neuroimages.
Taken together, it is clear that anatomical irregularities in the HC
and fornix regions are common after a TBI and can be clearly seen on
traditional neuroimages.
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